HIGHLIGHTS  CBS and PSP patients show heterogeneous language profiles  Patients with nfvPPA profile show the typical nfvPPA hypometabolic pattern  Parietal hypometabolism characterizes CBS cases with undefined language deficits  Frontal hypometabolism characterizes PSP cases with undefined language deficits  Patients without language deficit show a predominant right hemisphere involvement The clinico-metabolic correlates of language impairment in corticobasal syndrome and progressive supranuclear palsy Declarations of interest: none ABSTRACT Purpose: To assess the clinical-metabolic correlates of language impairment in a large sample of patients clinically diagnosed as corticobasal syndrome (CBS) and progressive supranuclear palsy syndrome (PSPs). Methods: We included 70 patients fulfilling current criteria for CBS (n=33) or PSPs (n=37). All subjects underwent clinical-neuropsychological and FDG-PET assessments at the time of diagnosis.
evaluate specific hypometabolic patterns and regional dysfunctional FDG-PET commonalities in subgroups. Results: 21 patients had a nfvPPA diagnosis (i.e., nfv-PPA/CBS=12 and nfv-PPA/PSPs=9), while 20 patients had a subtle language impairment LANG-(i.e., CBS = 12 and PSPs = 8), not fulfilling the criteria for a nfv-PPA diagnosis. The remaining sample (i.e., 9/33 CBS and 20/37 PSPs patients) did not show any language deficit. FDG-PET results in individuals with a nfvPPA diagnosis were consistent with the typical nfvPPA pattern of hypometabolism (i.e., left fronto-insular and superior medial frontal cortex involvement), both in CBS and PSPs. The LANG-CBS and LANG-PSPs subjects had different FDG-PET hypometabolic patterns involving, respectively, parietal and frontal regions. As expected, NOL-CBS and NOL-PSPs showed a predominant right hemisphere involvement, with selective functional metabolic signatures typical of the two syndromes. Conclusions: Language impairments, fulfilling the nfv-PPA criteria, are associated with both CBS and PSPs clinical presentations early in the disease course. Subtle language deficits may be present in an additional proportion of patients not fulfilling the nfvPPA criteria. The topography of brain hypometabolism is a major dysfunctional signature of language deficits in CBS and PSPs clinical phenotypes.
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INTRODUCTION
Progressive supranuclear palsy (PSP) and corticobasal (CBS) syndromes are two distinct sporadic adult-onset neurodegenerative conditions included within the socalled "atypical parkinsonisms" [1] . Such disorders usually pose a challenge for clinicians, as they are difficult to differentiate from each other, or even from Parkinson's Disease (PD) due to clinical heterogeneity [2, 3] . Although some unifying features (i.e., predominance of axial rigidity and bradykinesia with early falls; rare presence of classic, pill-rolling rest tremor; poor or transient levodopa response) can differentiate these patients from typical PD, the large clinical and pathological overlap has led to the concept of a PSP-CBS spectrum [4] [5] [6] [7] .
The recent literature supports a wide spectrum of potential phenotypes in autopsyconfirmed PSP cases. The classic Richardson's syndrome (i.e., postural instability and falls with vertical ocular motor dysfunction) is present in only 24% of cases [3] . In view of this, the new clinical diagnostic criteria for PSP focus on the assessment of core clinical features (ocular motor dysfunction, postural instability, akinesia and cognitive dysfunction) to define a number of combinations of symptoms leading to several PSP-related clinical syndromes [7] . Among the various PSP variants, a speech/language clinical presentation is considered, including the nonfluent/agrammatic variant of primary progressive aphasia (nfv-PPA) as a possible first clinical presentation of PSP [7] . Comparably, CBS phenotypes may include predominant cognitive (e.g., agnosia, apraxia), motor (e.g., bradykinesia or myoclonus) or language disorders (e.g., anomia, speech apraxia, and/or agrammatism) [4] . Different types and degrees of language impairment characterize the cognitive profiles of CBS patients. Motor speech and grammar disorders are reported as an early presentation in about 40% of subjects [8, 9] . In addition, a clinical diagnosis of nfv-PPA according to current criteria [10] may occur years before the onset of a full-blown CBS phenotype [11, 12] .
FDG-PET imaging, with the implementation of semi-quantitative methods for the analysis of FDG-PET uptake, has been recently suggested as useful
imaging biomarker supporting the clinical classification of atypical parkinsonisms associated with dementia [13] . The brain metabolic profile of CBS and PSP [14, 15] , as well as the hypometabolism characterizing CBS and PSP with nfv-PPA [11] have been previously described. The FDG-PET pattern in PSP is characterized by hypometabolism in bilateral medial and dorsolateral frontal regions, as well as in subcortical structures (i.e., midbrain and thalamus), CBS is characterized by asymmetric hypometabolism contralateral to the most affected side, including the parietal, the sensorimotor and the premotor cortex.
In the case of CBS and PSP with nfv-PPA, patients showed a left lateralized hypometabolic pattern with a selective involvement of the left inferior frontal gyrus [11] .
Current FDG-PET literature mainly reported specific information about the functional metabolic features of CBS and PSP cases in relation to motor symptomatology (see [15] for review). To the best of our knowledge, brain metabolic changes associated to language profiles in CBS and PSP syndromes have not been fully identified. In this study, we specifically aimed at evaluating the correlations of FDG-PET patterns of hypometabolism with language impairment in a large sample of patients fulfilling clinical criteria for CBS and PSPs [4] . We hypothesized the presence of a common FDG-PET pattern in CBS and PSP subjects with nfvPPA phenotype, and of different trajectories of brain hypometabolism in CBS and PSP patients with subtle language impairment not fulfilling the criteria for PPA [10].
MATERIALS AND METHODS

Participants
The dysfunctions, but not fulfilling PPA criteria were classified as LANG-CBS or LANG-PSPs, respectively. There were also patients without any language deficits, classified as NOL-CBS or NOL-PSPs.
Statistical analyses
Demographic, clinical and neuropsychological variables were compared among subgroups (i.e., nfvPPA, LANG-and NOL) within the CBS and PSPs global sample.
Gender distribution was compared using the χ 2 test, while one-way ANOVA was with  set at 0.05. Cerebral regions showing significant hypometabolism were localized using SPM Anatomy toolbox v2.0. The threshold was set at p=0.05, FWE-corrected for multiple comparisons at the voxel level. Only clusters containing more than 100 voxels were deemed to be significant.
FDG-PET imaging acquisition and processing
In order to evaluate the regional differences in the patterns of FDG-PET hypometabolism for the CBS and PSPs cases sub-grouped according to the language profiles (nfvPPA, LANG-and NOL), we computed whole-brain group analyses including the cases belonging to each subgroup for both CBS and PSPs, using a one-sample t-test with the contrast images resulting from each first-order "single-subject" analysis. The p-value was set at p<0.001 uncorrected with a cluster extent k=100, FWE-corrected at the cluster level.
RESULTS
Clinical-neuropsychological classification of the sample
Demographic variables did not differ between CBS and PSPs groups. As expected, the CBS group showed a significantly reduced global cognitive status in comparison to PSPs. CBS patients, compared to PSPs patients, showed a cognitive profile characterized by more severe deficits in multiple cognitive domains, (i.e., delayed verbal long-term memory, visuo-constructive abilities, ideomotor apraxia).
CBS and PSPs groups significantly differed in their language impairment
profiles (X 2 (1)=5.2, p=0.023) (See Table 2 and Table 3 Compared to NOL-subjects, LANG-CBS were characterized by anomia and verbal circumlocutions, deficits in sentence comprehension, and executive functions.
LANG-PSPs showed severe anomia and verbal circumlocutions, agrammatism and deficits in sentence comprehension, verbal and visuo-spatial long term memory visuo-constructive abilities and executive functions. for nfv-PPA showed a hypometabolic pattern lateralized on the left side (Figure 1a and Figure 2a ) with a selective involvement of the left inferior frontal gyrus. LANG-CBS and LANG-PSPs showed a bilateral pattern of brain hypometabolism, less severe than the patients with nfv-PPA (Figure 1b and Figure 2b ). Finally, CBS and PSPs patients without language symptoms were characterized by a bilateral or rightlateralized hypometabolic pattern (Figure 1c and 2c ).
See Figure 1 and 2 for single-subject FDG-PET patterns details. 
Whole-brain group analyses
One-sample SPM group analysis of FDG-PET data performed in the whole CBS sample (n=33) showed an extended and bilateral parietal hypometabolic pattern with additional involvement of the left inferior frontal gyrus (Figure 3a ). In PSPs sample (n=37), the group analysis showed hypometabolism in the midbrain, the thalamus, the caudate, the anterior cingulate cortex, and the inferior, medial and superior frontal gyri bilaterally (Figure 4a ).
Both the nfv-PPA/CBS and the nfv-PPA/PSPs subgroups were characterized by a left-side hypometabolic pattern involving the inferior frontal gyrus and the supplementary motor cortex, with additional features typical of CBS (i.e., inferior parietal cortex) or PSPs (i.e., midbrain and thalamus). A less extended, left-sided hypometabolic pattern characterized the LANG-CBS and LANG-PSPs with a specific involvement of the angular gyrus, the precuneus and the inferior parietal cortex in LANG-CBS and of the prefrontal, the anterior cingulate cortex and the thalamus in LANG-PSPs. NOL-CBS and NOL-PSPs subgroups showed a selective right hemisphere hypometabolic pattern involving the prefrontal and parietal cortices in NOL-CBS and the prefrontal cortex, the caudate, the midbrain and the thalamus in NOL-PSPs.
See Figure 3 and Figure 4 for details on group analyses. 
DISCUSSION
In this study, we explored the functional correlates of language impairments in patients with CBS and PSPs phenotypical presentation, providing evidence of specific hypometabolic signatures in patient subgroups according to the language profile. To this aim, we used at the single-subject and group levels a semiquantitative optimized procedure for the analysis of FDG-PET data, which has been proved to be a reliable functional biomarker to support the differential diagnosis of neurodegenerative dementia conditions and atypical parkinsonism [13, 14, 18] .
As expected, and in line with literature evidence [4, 7] , the 30% of the overall sample satisfied the nfvPPA criteria [10] . Namely, these patients showed agrammatism, anomia and verbal circumlocution, and significant deficits in sentence comprehension, with spared single-word comprehension and object knowledge. Nfv-PPA phenotype can characterize patients that will later develop full-blown CBS and PSPs, even before the clinical onset of motor symptoms [4, 7] . In a previous study by our group, we provided evidence of a two-year progression to CBS and PSPs phenotypes in a consistent number of nfv-PPA cases (i.e., 58% and 16% respectively) [11] . Notably, semi-quantitative analysis of FDG-PET data at the time of nfv-PPA diagnosis was already supportive for a diagnosis of atypical parkinsonism [11] .
Here, group analyses demonstrated that nfv-PPA/CBS and nfv-PPA/PSPs subgroups share a significant common left-sided dysfunctional pattern involving the inferior frontal gyrus and the supplementary motor cortex, which is a major driver of the same language phenotype, compatible with nfv-PPA.
Twenty-nine per cent of the overall sample showed subtle language dysfunctions not fulfilling PPA criteria. The relevance of language impairments in the clinical picture of atypical parkinsonisms has been previously underlined, particularly in CBS [20] . In our sample, impairments in LANG-CBS and LANG-PSPs patients were characterized mainly by difficulties in both verbal production (e.g., increased anomic behavior and use of circumlocutions) and sentence comprehension. Notably, these two subgroups showed largely different regional distribution at FDG-PET hypometabolic maps. In the case of LANG-PSPs, the whole-brain group analysis revealed a focal left-sided hypometabolic pattern, mainly involving the prefrontal and anterior cingulate cortices and the thalamus. Considering this left-sided dysfunctional distribution, it is a possibility that some of these patients may lately progress to nfv-PPA, according to a pathology-driven progression of the neurodegenerative process.
It is of note, however, that this group showed worse cognitive dysfunctions (see Table 3 ). Longitudinal prospective studies are needed to clarify this issue.
On the other side, LANG-CBS patients shared language and functional metabolic features with the lv-PPA phenotype [10] . Whole-brain group analysis in LANG-CBS showed a widespread bilateral parietal hypometabolism particularly of the left inferior parietal gyrus, which is the functional metabolic signature of lv-PPA cases [10].
LANG-CBS cases showed impaired complex sentence repetition at the neuropsychological evaluation. This is the main feature of lv-PPA phenotype, that can be explained in terms of dysfunction in the phonological loop [10, 21] . Notably, lv-PPA is actually considered as one of the atypical presentation of Alzheimer's disease (AD) [22] , and AD is one of the possible pathology substrates of CBS phenotype [23, 24] . It is possible that some of these LANG-CBS subjects had a undetected lv-PPA diagnosis, perhaps due to the limitations of clinical assessment of spontaneous speech.
Finally, NOL-CBS and NOL-PSPs showed a significant right-lateralized pattern of brain hypometabolism with a selective sparing of the left brain regions involved in the language networks. This result once more confirms the presence of specific trajectories of brain degeneration, selectively sparing language functions in some cases.
In this large sample of CBS and PSPs patients, we showed that about one third of subjects presented a nfv-PPA profile, one third showed language disorders not fulfilling PPA criteria, and the last third did not present language disorders. These differences in language profiles were reflected by significant heterogeneities in functional metabolic signatures, possibly driven by different neuropathological substrates [25] . In fact, while underlying corticobasal pathology has been associated to asymmetric hypometabolism in fronto-parietal regions and basal ganglia, CBS patients with underlying AD pathology show a more marked reduction of glucose metabolism in lateral parietal and temporal regions, together with the posterior cingulate cortex [25] . Moreover, in CBS with language disorders, nfv-PPA phenotype is mainly linked to an underlying tau pathology [26] , while impaired sentence repetition is more frequently associated to a positivity to AD amyloid biomarkers [27] .
In conclusion, our findings support the need of a better characterization of Finally, an in-depth evaluation of language features through ad-hoc neuropsychological tools (e.g, the Screening for Aphasia in NeuroDegeneration [29] ) may also help in subtype classification. Unfortunately, the retrospective nature of this study did not allow to clarify this issue. Notwithstanding this limitation, our results strongly support the usefulness for a detailed language assessment in the neuropsychological evaluation of CBS and PSP patients.
